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POSITION SENSOR 

The present invention relates to a position sensor and to 
parts therefor- The invention has particular although 
not exclusive relevance to x-y digitising tablets which 
operate with a cordless stylus. The invention is 
particularly useful for embedding behind the display of 
a hand-held electronic device such as a personal digital 
assistant (PDA), mobile telephone, web browser or 
products embodying combinations of these. 

US 4878553 discloses an x-y digitising tablet which uses 
a resonant stylus. The digitising tablet comprises a 
large number of overlapping but separate loop coils which 
are arrayed in the x- and y-direction. These loop coils 
are connected through a switching matrix to an excitation 
circuit and a receiving circuit. The system is arranged 
so that each of the loop coils is firstly connected to 
the transmitting circuit and then to the receiving 
circuit. The system identifies the current position of 
the stylus by detecting the excitation and sensor coil 
combination which provides the greatest output signal 
levels. A more accurate determination of the stylus 
position is obtained by performing a quadratic-type 
interpolation using the signals received from the loop 
coils adjacent to the loop coil having the maximum signal 
level. One problem with this system is that there is a 
trade-off between the system's response time and the 
accuracy of the tablet. In particular, for high 
accuracy, a large number of overlapping loop coils are 
required, however, as the number of loop coils increases, 
the system's response time decreases. Another problem 
with this system is that it has a relatively large "dead 
band" at the edge of the overlapping loop coils which 
causes problems when space is critical such as in hand- 
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held computer devices such as PDAs and mobile telephones. 

Another problem with this system is that it is too 
expensive for embedding into hand-held portable 
5 communication and information devices targeted at 

consumer . markets , The conventional approach is to use 
resistive touch screen in these applications. This touch 
screen is usually placed over the liquid crystal display 
of the device. However, the problem with using such 

10 resistive touch screens is that it degrades the LCD's 

contrast, it increases glare and reflections from other 
light sources, it suffers from wear and adds 
significantly to product thickness- Further, it cannot 
cope with unintended contact with the touch screen 

15 because it does not differentiate between contact from 

different objects. As a result, the user cannot rest 
their hand on the. device when using it, which may prevent 
them from using their normal comfortable writing style. 

20 The applicant has described in its earlier International 

application W098/58237 an alternative electromagnetic x-y 
digitising system which is more suited to such consumer 
applications. This system uses a set of periodic sensor 
windings and an excitation winding which can be embedded 

25 behind the liquid crystal display of the device. In 

operation, the excitation winding energises a resonant 
stylus which in turn induces signals in the sensor 
windings. Due to . the periodic nature of the sensor 
windings, the output signals from them periodically vary 

30 with the relative position between the stylus and the 

sensor windings. Because this system only requires a few 
windings, there is not the same trade-off between system 
accuracy and response time (since all the windings can be 
read in parallel) and the "dead band" at the edge of the 

35 board can. be made smaller because there are fewer 
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windings. Further, because there are fewer windings , the 
sensor requires fewer connections to be made to the 
processing electronics and the system requires less power 
because only a single excitation winding is used which 
can be optimised for high efficiency by increasing the 
amount of copper and distributing it at the - edge of the 
board without using excessive space at the edge of the 
board. 

As acknowledged in this earlier International 
application, it is desirable to maximise the number of 
turns of the sensor windings and the excitation winding 
in order to maximise the coupling between those windings 
and the resonant stylus and to allow the suppression of 
unwanted spatial harmonic signals. One problem with the 
system described in the Applicant's earlier International 
application is that the windings are formed by wire 
bonding technology which suffers from poor resolution 
(for example three wires per millimetre) which limits the 
number of turns which can be formed for a given sensor 
area. Another technique which can be used which can 
increase the resolution is the use of printed circuit 
boards. However using printed circuit boards causes the 
problem of designing the windings in order to minimise 
the number of printed circuit board layers which are 
required and to minimise the number of through 
connections or vias which are required between the 
layers, in order to reduce manufacturing costs and wasted 
areas of the board especially at the edges. 

A further problem which is common to both, these known 
electromagnetic x-y digitising systems is that a 
positional error is introduced into the measurements if 
the stylus is tilted relative to the digitising tablet. 
In the applicant's above mentioned International 
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application, they have proposed a technique for 
processing the signals output by the periodic sensor 
windings in order to reduce the effect of stylus tilt. 
Similarly, the proprietor of US 4878553 has described, in 
EP-A-0680009, a technique for processing the signals 
received from the overlapping loop coils in order to 
reduce the effect of stylus tilt. However, these 
techniques require the reading of the signals from more 
of the sensor coils and the subsequent processing of 
these signals in order to determine the tilt measurement, 
which therefore increases the time required to determine 
a position measurement. 

Another problem with the electromagnetic x-y digitising 
systems described above is that if they are to mimic the 
action of a conventional pen, then they must be able to 
detect when the stylus is pressed against the writing 
surface. This is usually accomplished by designing the 
stylus so that its resonant frequency changes with 
pressure applied to the tip of the stylus. This leads to 
problems of how to design the resonant stylus so that the 
system can reliably detect "stylus down" whilst providing 
a stylus which feels natural to use. Several prior art 
designs of this type of stylus are disclosed in US 
5565632. However, these systems suffer from problems of 
ensuring that a desired and repeatable resonant frequency 
change is obtained when pressure is applied to the 
stylus . 

Various other features . and aspects of the present 
invention will become apparent from the following 
description of exemplary embodiments which are described 
with reference to the accompanying drawings in which: 

Figure 1 is a schematic view of a hand-held personal 
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digital assistant (PDA) which includes an x-y digitising 
system located behind the PDA's liquid crystal display 
which can sense the (x,y) position of a resonant stylus; 

Figure 2 schematically illustrates a cross-sectional view 
of the personal digital assistant shown in Figure 1, 
illustrating the positional relationship between a sensor 
printed circuit board of the digitising system and the 
liquid crystal display; 

Figure 3 is a schematic functional block diagram 
illustrating the excitation and processing electronics of 
the x-y digitising system and illustrating the magnetic 
coupling between an excitation winding of the digitising 
system and the resonant stylus and the magnetic coupling 
between the resonant stylus and four sensor windings 
which form part of the digitising system; 

Figure 4a schematically illustrates an approximation of 
the way in which the peak amplitude of the signals 
induced in the x-sensor windings of the digitising system 
vary with the x-coordinate of the position of the stylus 
relative to the liquid crystal displays- 
Figure 4b schematically illustrates an approximation of 
the way in which the peak amplitude of the signals 
induced in the y-sensor windings of the digitising system 
vary with the y-coordinate of the position of the stylus 
relative to the liquid crystal display; 

Figure 5 is a plot illustrating the way in which an 
electrical phase signal generated from a signal output by 
one of the sensor windings, varies as the resonant stylus 
is brought into the vicinity of the digitising system and 
is brought into contact with the surface of the display 
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on the personal digital assistant; 

Figure 6 is a plot illustrating the way in which the 
electrical phase of the signal generated by the resonant 
stylus changes with the gap between the stylus and the 
surface of the liquid crystal display for different 
stylus tilts relative to the liquid crystal display; 

Figure 7a illustrates the form of the excitation winding 
which forms part of the digitising system which forms 
part of the personal digital assistant shown in Figure 1; 

Figure 7b illustrates the form of a sin x sensor winding 
of the digitising system which forms part of the personal 
digital assistant shown in Figure 1; 

Figure 7c illustrates the form of a cos x sensor winding 
of the digitising system which forms part of the personal 
digital assistant shown in Figure 1 ; 

Figure 7d illustrates the form of a sin y sensor winding 
of the digitising system which forms part of the personal 
digital assistant shown in Figure 1; 

Figure 7e illustrates the form of a cos y sensor winding 
of the digitising system which forms part of the personal 
digital assistant shown in Figure 1; 

Figure 7f shows a top layer of a printed circuit board 
which carries the windings shown in Figures 7a to 7e; 

Figure 7g shows a bottom layer of the printed circuit 
board which carries the windings shown in Figures 7a to 
7e; 
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Figure 8a shows an ideal but 
X sensor winding which the 
approximates ; 



impractical form of- the sin 
winding shown in Figure 7b 



Figure 8b shows an ideal but impractical form of the cos 
X sensor winding which the winding shown in Figure 7c 
approximates; 

Figure 8c illustrates the way in which a number of cross- 
over connections can be added to the impractical winding 
shown in Figure 8a to form a practical sensor winding 
similar to the winding shown in Figure 7b; 

Figure 8d illustrates the way in which a number of cross- 
over connections can be made to the impractical winding 
shown in Figure 8b to form a practical sensor . winding 
similar to the winding shown in Figure 7c; 

Figure 9a is an exploded perspective view of the resonant 
stylus shown in Figure 1; 

Figure 9b is a cross-section of the assembled resonant 
stylus; 



Figure 10a is a cross-sectional view of a front portion 
of the resonant stylus body; 

Figure 10b is a cross-sectional view of a rear portion of 
the resonant stylus body; 

Figure 11a is a top view of a first movement-limiting 
member which forms part of the resonant stylus; 

Figure lib is a cross-sectional view of the first 
movement-limiting member shown in Figure 11a; 
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Figure lie is an end view of the first movement-limiting 
member from a first end thereof; 



Figure lid is an end view of the first movement-limiting 
member from the other end thereof; 

Figure 12a is a top view of a second movement-limiting 
member which forms part of the resonant stylus; 



10 Figure 12b is a cross-sectional view of the second 

movement-limiting member shown in Figure 12a; 

Figure 12c is an end view of the second movement-limiting 
member seen from one end thereof; 

15 

Figure 12d is an end view of the second movement- limiting 
member viewed from the other end thereof; 

Figure 13 is a plot illustrating the way in which a 
20 change in the resonant frequency of the resonant stylus 

varies for different distances between a coil which forms 
part of the resonant stylus and a ferrite core which 
moves relative to the coil; 



25 Figure 14 schematically illustrates the way in which the 

tilt of the stylus affects the apparent position of the 
stylus relative to the digitiser system; 

Figure 15a shows an ideal but impractical form of a sin 
30 X sensor winding which uses an interleaving technique in 

order to reduce space required at the edges of the 
sensing area for connecting conductors extending in the 
x-direction; 



35 



Figure 15b shows an ideal but impractical form of a cos 
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X sensor winding which uses an interleaving technique in 
order to reduce space required at the edges of the 
sensing area for connecting conductors extending in the 
x-direction; 

Figure 16 is a perspective view showing a mobile 
telephone having a liquid crystal display and sensor 
windings and excitation windings of a digitising system 
under the display which is operable to sense the position 
of a resonant stylus relative to the display; 

Figure 17a diagrammatically illustrates a first 
alternative form of stylus; 

Figure 17b diagrammatically illustrates a second 
alternative form of stylus; 

Figure 17c diagrammatically illustrates a third 
alternative form of stylus; and 

Figure 17d diagrammatically illustrates a fourth 
alternative form of stylus. 

Figure 1 shows a hand-held personal digital assistant 
(PDA) 1 which employs an x-y digitising system (not 
shown) which is located beneath a liquid crystal display 
3 of the PDA 1. The x-y digitising system is operable to 
detect the presence and x-y position of a resonant stylus 
5 relative to the LCD 3. The position signals output 
from the digitising system are used by the PDA 1 to 
control information that is displayed on the LCD 3 and to 
control the operating function of the PDA 1. As shown, 
the PDA 1 also includes a number of push buttons beneath 
the LCD 3 including an on-off button 7 and a number of 
control buttons 9-1 to 9-4 which are used to control 
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different functions of the PDA 1. 

Figure 2 shows a cross-sectional view on A-A of the PDA 
1 shown in Figure 1- As shown, the PDA 1 includes a 
liquid crystal display 3 which, in this embodiment, is 
between 1.5mm and 3mm thick. Beneath the LCD 3 , there is 
an electroluminescent backlight 11 for providing a 
backlight for the LCD 3. In this embodiment, this 
backlight layer 11 has a thickness of approximately 
ISO^im. Beneath these layers, there is a 0.2mm thick 
sensor printed circuit board (PCB) 13 which forms part of 
the above-mentioned x-y digitising system. This sensor 
PCB 13 carries the excitation winding and the sensor 
windings used for sending signals to and receiving 
signals from the resonant stylus 5. Beneath the sensor 
PCB 13 there is a printed circuit board 15 which carries 
the electronics for controlling the functions of the PDA 
and the electronics for processing the signals received 
from and controlling the signals sent to the windings on 
the sensor PCB 13. 

As shown in Figure 2, in this embodiment, a grounded 
electrostatic screen 17 is provided between the sensor 
printed circuit board 13 and the electroluminescent 
backlight 11 in order to reduce noise from the liquid 
crystal display 3 and the backlight 11 from interfering 
with the x-y digitising system. In this embodiment, this 
electrostatic screen is formed. from a continuous layer of 
carbon ink which is approximately lOptm thick and has a 
relatively high surface resistivity (e.g. > 1 ohm per 
square) so that it does not interfere with the magnetic 
sensing function. Further, as shown in Figure 2, beneath 
the sensor PCB 13 is a 50fum layer of pressure sensitive 
adhesive 19 for bonding the sensor PCB 13 onto a magnetic 
screen 21, which in this embodiment is a 25Aim layer of 
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spin melt ribbon ( for'' example Vitrovac 6025 manufactured 
by Vacuumschmelze , Hanau, Germany). As those skilled in 
the art will appreciate, the magnetic screen 21 is 
provided in order to reduce any disturbance which may be 
caused to the x-y digitising system by, for example, the 
electronics behind the sensor PCB 13. It also enhances 
the sensitivity of the x-y digitising system since it 
provides a permeable path for magnetic flux to pass 
behind the sensor windings on the sensor PCB 13* 
Conventional magnetic screens have either used silicon 
steel or a plastic or rubber material containing iron or 
ferrite powder. However, these conventional screens are 
relatively thick and heavy compared with the 2 5;zm layer 
of spinmelt ribbon used in the present embodiment. This 
benefit arises because the spin melt ribbon has a very 
high intrinsic permeability (e.g. greater than 10,000) 
which enables a small thickness of for example 25yam to 
act as an efficient shield, thus saving space. Further, 
unlike the prior art screens, the permeability of spin 
melt ribbon does not fall when worked or shocked, and 
therefore its lifetime will be greater than those of the 
conventional magnetic screens, especially when used in 
portable equipment such as PDAs and portable telephones. 
This spin melt ribbon also has the advantage that it 
solves the field distortion problems associated with the 
grained shielding materials (such as silicon steel) used 
in the prior art systems, because it is amorphous. As 
shown in Figure 2 encasing these layers and providing 
mechanical support is an outer casing 21 which is made, 
in this embodiment, from plastic. 

OVERVIEW OF X-Y DIGITISER OPERATION 

Figure 3 schematically illustrates a functional block 
diagram of the digitising system's processing 
electronics! Figure 3 also illustrates the way in which 
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the excitation winding and the sensor windings interact 
with the resonant stylus 5. In particular. Figure 3 
schematically shows an excitation winding 29, two x- 
sensor windings 31 and 33 for sensing x position and two 
5 y-sensor windings 35 and 37 for sensing y position. Each 

of these windings is formed by printed conductors on the 
sensor PCB 13. As will be explained in more detail 
below, the sensor windings 31, 33, 35 and 37 are periodic 
and are in spatial phase quadrature relative to each 

10 other. Therefore, in the following description x-sensor 

winding 31 will be referred to as the sin x sensor 
winding, x-sensor 33 will be referred to as the cos x 
sensor winding, y-sensor winding 35 will be referred to 
as the sin y sensor winding and y-sensor winding 37 will 

15 be referred to as the cos y sensor winding. As 

illustrated by the arrows 39,. these windings are 
oper-able, in use, to couple magnetically with a resonant 
circuit 41 (comprising a capacitor 43 and an inductor 
coil 45) in the resonant stylus 5. 

20 

In operation, an excitation current is applied to the 
excitation winding 29 through an excitation driver 51. 
In this embodiment, the excitation current comprises a 
sequence of positive and negative pulses having a peak 

25 value of approximately 100mA and having a fundamental 

frequency component (Fq) of approximately lOOkHz, which 
is matched to the resonant frequency of the resonant 
circuit 41. This excitation signal is generated by a 
variable frequency generator 5 3 which generates an 

30 appropriate excitation voltage which is applied to the 

excitation driver 51 through a switch 55. In this 
embodiment, the frequency of the excitation voltage 
generated by the generator 53 . is set by an 
excitation/receive frequency control circuit 57 which 

35 forms part of a digital processing and signal generation 
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unit 59. As those skilled in the art will appreciate, by- 
using such a variable frequency generator 53, the 
digitising system can be reconfigured to operate with a 
stylus having a different resonant frequency. 

The excitation current flowing in the excitation winding 
29 generates a corresponding electromagnetic field which 
magnetically couples, as indicated by the arrow 39-1, 
with the resonant circuit 41 and causes it to resonate. 
In this embodiment, the excitation winding 29 is arranged 
to keep the coupling with the resonator as constant as 
possible with the x-y position of the stylus relative to 
the LCD 3. When the resonator 41 is resonating, it 
generates its own electromagnetic field which 
magnetically couples, as represented by the arrows 3 9-2, 
39-3, 39-4 and 39-5, with the sensor windings 31, 33, 35 
and 37 respectively. As will be explained in more detail 
below, the sensor windings 31, 33, 35 and 37 are designed 
so that the coupling between them and the resonant stylus 
varies with the x or y position of the stylus and so that 
there is minimum direct coupling between them and the 
excitation winding 29. Therefore, the signal received in 
the sensor windings should only vary with the magnetic 
coupling between the resonator 41 and the respective 
sensor winding. Consequently, by suitable processing of 
the signals received in the sensor windings, the x-y 
position of the resonator 41, and hence of the resonant 
stylus 5, can be determined relative to the sensor 
windings. 

In this embodiment, the excitation current is not 
continuously: applied to the excitation winding 29. 
Instead, bursts of the excitation current (comprising 12 
positive and 12 negative pulses of the excitation 
current) are applied, with the application of the 
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excitation bursts being controlled by opening and closing 
the switch 55. As shown in Figure 3, this is controlled 
by an excitation gate controller 61 which forms part of 
the digital processing and signal generation unit 59- In 
this embodiment, in order to reduce the effect of any 
breakthrough from the excitation winding to the sensor 
windings, the signals induced in the sensor windings are 
only detected between the bursts of the excitation 
current. This is achieved by controlling the positions 
of switches 63 and 65 with the receive gate controller 67 
which forms part of the digital processing . and signal 
generation unit 59. This mode of operation is referred 
to as pulse echo and works because the resonator 41 
continues to resonate after the burst of excitation 
current has ended. 

As a result of the periodic nature of the sensor windings 
and their relative positions, the four signals induced in 
the four sensor windings from the resonant circuit 41 can 
be approximated by: 



-31 



zxcx 



cos[27tF / +0] 



(1) 



= Ae ''-'^cos 



Itvc 



cos[2;lF / +0] 



(2) 



£35 = Ae '^*^sin 



2kv 



cos[27iF^/ +0] 



(3) 



£37 = Ae '^"^cos 



cos[27zF^t +0] 



(4) 



where A is a coupling coefficient which depends upon, 
among other things, the distance of the stylus from the 
windings and the number of turns in the sensor windings; 
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X is the x-position of the resonant stylus relative to 
the sensor windings; y is the y-position of the resonant 
stylus relative to the sensor windings; is a spatial 
wavelength of the sensor windings in the x-direction and 
is typically slightly greater than the width of the board 
in the x-direction (and in this embodiment is 70mm); Ly 
is a spatial wavelength of the sensor windings in the y- 
direction and is typically slighter greater than the 
width of*, the board in the y-direction (and in this 
embodiment is 50mm); e"''^^ is the exponential decay of the 
resonator signal after the burst of excitation signal has 
ended, with t being a resonator constant which depends 
upon, among other things, the quality factor of the 
resonant circuit 41; and 0 is an electrical phase shift 
caused by a difference between the fundamental frequency 
of the excitation current and the resonant frequency of 
the resonator 41. In this embodiment, the resonant 
stylus 5 is designed so that its resonant frequency 
changes with the pressure applied to the tip of the 
stylus. This change in frequency causes a change in the 
phase shift 0- 

As can be seen from equations (1) to (4), the peak 
amplitude of the signals induced in the sensor windings 
vary as the sin or cos of either the x or y position. 
This is illustrated in Figures 4a and 4b. In particular. 
Figure 4a illustrates the way in which the peak amplitude 
of the signal induced in sensor winding 31 and the way in 
which the signal induced in sensor winding 33 varies with 
the x-position of the resonant stylus relative to the 
sensor windings and Figure 4b shows the way in which the 
peak amplitude of the signals induced in sensor winding 
35 and sensor winding 37 vary with the y-position of the 
resonant stylus relative to the sensor windings. As 
shown in Figure' 4, the pitch (L^) of the windings in the 
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x-direction is greater than the pitch (Ly) of the 
windings in the y-direction. This is because, in this 
embodiment, the measurement area is rectangular. 
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Therefore, as those skilled in the art will appreciate, 
both the x-y position information of the resonant stylus 
5 and the phase shift 0 can be determined from the 
signals induced in the sensor windings by suitable 
demodulation and processing. As shown in Figure 3, this 
demodulation is achieved by mixing the received signals 
with the excitation voltage generated by the variable 
frequency generator 53 in the mixers 69-1 to 69-8. In 
this embodiment, an in-phase component and a quadrature 
phase component of the excitation signal is mixed with 
the signal induced in each of the sensor windings. This 
generates an in phase ( I ) component and a quadrature 
phase (Q) component of each of the demodulated signals. 
In this embodiment, the in phase components of the 
demodulated signals from all the sensor windings are used 
to determine the position information and the in phase 
and quadrature phase components of the demodulated signal 
from one of the sensor windings are used to determine the 
electrical phase shift (i.e. 0). As shown in Figure 3^ 
the output from these mixers are input to a respective 
integrator 71-1 to 71-8 which, after being reset, 
integrate the outputs from the mixers over a time period 
which is a multiple of I/Fq (in order to .remove the 
effect of the time varying components output by the 
mixer). The following equations approximate the outputs 
from the integrators 71-1 to 71-4: 



sin X / =. /J, sin 



COS0 



(5) 



35 



sin X O. - A, sin 



IjIX 



(6) 
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cos_x_/, - 



A, cos 



L 



COS0 



(7) 



X 



COS X O - A. cos 



ITIX 



(8) 



sine 



L 

X 



where is a constant which varies with^ among other 
things, the constant A, the resonator t and the 
integration period. Similar signals are obtained from 
integrators 71-5 to 71-8, except these vary with the y- 
position rather than with the x-position. 

As shown in Figure 3, the outputs from the integrators 71 
are input to an analogue-to-digital converter 73 which 
converts the outputs into digital values which are input 
to the A to D interface unit 75 in the digital processing 
and signal generation unit 59. The digital processing 
and signal generation unit 59 then performs an arc 
tangent function { atan 2) on the ratio of the sin_x_I 
signal and the cos_x_I signal to determine the x-position 
of the resonant stylus and similarly performs an arc 
tangent function on the ratio of the sin y I signal and 
the cos_y_I to determine the y-position of the resonant 
stylus 5» The digital processing and signal generation 
unit 59 also calculates an arc tangent function on the 
ratio of the quadrature phase component to the in phase 
component of the signals from one of the sensor windings, 
in order to determine the phase angle 0. 

As shown in Figure 2, the in phase and quadrature phase 
component for the signal induced in each of the sensor 
windings is calculated. This is because, at certain x 
and y positions, the ratio of the in phase and quadrature 
phase components from the sensor windings will not be 
reliable. This occurs when the sin or cos position 
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components are approximately zero. Therefore, in this 
embodiment, the digital processing and signal generation 
unit 59 determines the phase angle 0 using a weighted 
combination of the in phase and quadrature phase signals 
from both the sin and cos windings, where the weighting 
used varies in dependence upon the determined x and y 
.position of the stylus. 

Figure 5 is a plot of the cos_x_I signal against the 
cos_x_Q signal as the resonant stylus 5 is brought into 
the vicinity of the excitation and sensor windings and 
then brought down into contact with the LCD screen 3. 
Initially, when the stylus 41 is out of range of the 
excitation and sensor windings^ both these in phase and 
quadrature phase components are zero. As the stylus 5 is 
brought closer to the PDA 5, these voltages increase. At 
this stage, any phase difference between the excitation 
frequency and the resonant frequency of the resonator is 
constant. This is illustrated in Figure 5 by the initial 
straight line portion of the plot at 81. However, as the 
resonant stylus comes closer to the surface of the LCD 3, 
the magnetic screen 21 has a detuning effect on the 
stylus which causes its resonant frequency to decrease 
which in turn results in a change in the phase angle 0. 
This detuning is illustrated in Figure 5 by the initial 
curved portion 8 3 of the plot. In the plot shown in 
Figure 5, the point 85 represents the point when the 
resonant stylus 5 is brought into contact with the LCD 3. 
As will be explained in more detail below, when pressure 
is applied to the tip of the stylus, the resonant 
frequency of the stylus changes. This changes the in 
phase and quadrature phase components and causes the plot 
to follow the curved path to point 87. Therefore, by 
thresholding the ratio of the in phase component and the 
out of phase component, a determination can be made as to 
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whether or not there is a "pen-down" of the resonant 
stylus. However, careful consideration must be taken 
when determining the threshold to use, since tilting the 
stylus relative to the surface of the LCD 3 also causes 
detuning and hence a change in the phase angle 0- 

Figure 6 shows two plots 91 and 93 which illustrate the 
way in which the phase shift 0 changes with the gap 
between the resonant stylus and the liquid crystal 
display for different stylus tilts. In particular, curve 
91 shows the way in which the phase shift 0 varies with 
this gap when the longitudinal axis of the stylus is 
perpendicular to the surface of the liquid crystal 
display and curve 93 illustrates this variation when the 
stylus is tilted at an angle. As shown in Figure 6, for 
large gaps, the phase shift 0 in both cases is constant 
(in this embodiment at approximately -45**). However, as 
the gap reduces, the detuning effect of the magnetic 
shield 21 changes the phase shift 0 until the gap is zero 
when the stylus is brought into contact with the surface 
of the LCD 3. As shown in Figure 6, when the vertically 
held stylus is brought into contact with the LCD display 
(but when there no pressure applied to the tip), the 
phase shift 0 is -30°, whereas for the tilted stylus it 
is -10**. When pressure is applied to both styluses, the 
phase shift 0 changes from -30° to +10° for the 
vertically held stylus and from -10° to +30° for the 
tilted stylus- As shown in Figure 6, in this embodiment,, 
a threshold of approximately 0° is set so that "stylus 
down" will be detected regardless of whether or not the 
stylus is held vertically or at an angle to the LCD 
display. More specifically, in this embodiment, a 
threshold band having an upper threshold value and a 
lower threshold .value is used, with the upper threshold 
value being used to detect stylus down and the lower 
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threshold value being used to detect stylus up. As those 
skilled in the art will appreciate from Figure 6, in 
order to be able to detect the stylus down, there must be 
a minimum phase change which will ensure that the phase 
shift passes through the threshold. Whilst this can be 
achieved by ensuring a very large change in resonant 
frequency, this is not preferred, since this will reduce 
the signal levels output from the integrators because of 
the mismatch between the resonant frequency and the 
excitation frequency. Further, if the phase shift z 
changes upon stylus down to +90° then, at this point, 
there will be no in phase signal component. Therefore, 
the change in frequency preferably keeps the phase shift 
below 45^. This therefore defines a maximum frequency 
shift. 

Returning to Figure 3, after the digital processing and 
signal generation unit 59 has determined the current x-y 
position of the resonant stylus and determined whether or 
not the stylus has been brought into contact with the LCD 
2, it outputs this information to the PDA electronics 
through the interface unit 77. This information is then 
used by the PDA electronics to control information 
displayed on the LCD 3 and the PDA's mode of function. 
In this embodiment, the digital processing and signal 
generation unit 59 is operable to perform the above 
calculations approximately 100 times per second when the 
stylus is in the vicinity of the PDA. However, when the 
system detects that the stylus is not present, it 
initially enters a standby state in which the above 
excitation and processing is performed approximately 20 
times per second. After a predetermined length of time 
in this standby state, the system enters a sleep state in 
which the above calculations are performed approximately 
2 times per second. Once the presence of the stylus is 



wo 00/33244 



PCT/GB99/03989 



21 

detected again^ the processing resumes at the 100 times 
per second rate* 

A brief description has been given above of the way in 
which the digitiser system of the present embodiment 
determines the x-y position of the resonant stylus 
relative to the sensor windings. The particular form of 
excitation and sensor windings used and the particular 
resonant stylus used in this embodiment will now be 
described in more detail. 

DIGITISKR WINDINGS 

Figure 7a illustrates the form of the excitation winding 
29 used in this embodiment. The winding 2 9 is formed by 
five turns of rectangular conductor on each side of the 
sensor PCB 13 which are connected in series at through 
holes or vias, some of which are labelled 97. In Figure 
7a, the conductors on the top layer of the sensor PCB 13 
are shown as solid lines whilst those on the bottom layer 
of the sensor PCB are shown as broken lines'. Figure 7a 
also shows the two connection pads 101 and 103 used to 
connect the ends of the excitation winding 29 to the 
excitation driver 51. As shown, the excitation winding 
29 extends from connection pad 103 and follows an 
increasing rectangular. spiral pattern which is 
alternately wound on the top layer and then the bottom 
layer of the sensor PCB 13 until the excitation winding 
29 reaches the other connection pad 101. As shown in 
Figure 7a, since the connection pads 101 and 103 are on 
the top layer of the sensor PCB 13, the tracks of the 
excitation winding 29 which are in the vicinity of the 
connection pads 101 and 10 3 are provided on the bottom 
side of the sensor PCB 13 only. As a result, the spacing 
between the tracks in this portion of the sensor winding 
is smaller. In this embodiment, the excitation winding 
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29 is wound around the outside of the sensor windings 
(not shown). As a result of the rectangular shape of the 
excitation winding 29 , the electromagnetic field which it 
generates when the excitation current is applied to it, 
5 is substantially homogenous in the centre of the board in 

both the X- and y-direction but increases towards the 
edge of the board where the excitation windings are 
located. However, as those skilled in the art will 
appreciate, this variation does not matter because it 
10 cancels in the ratiometric arc tangent calculation 

performed by the processing electronics. 

Figure 7b shows the printed conductors which form the sin 
X sensor winding 31. Again, the printed conductors on 
the top layer of the sensor PCB 13 are shown as solid 
lines whilst those on the bottom layer are shown as 
dashed lines. As shown, the conductor tracks which 
extend substantially in the y-direction are provided on 
the top layer of the sensor PCB 13 and those which extend 
substantially in the x-direction are provided on the 
bottom layer of the sensor PCB 13 and the ends of the 
conductor tracks on the top layer are connected to the 
ends of the conductor tracks on the bottom layer at the 
via holes, some of which are labelled 97. Figure 7b also 
shows the two connection pads 105 and 107 which are 
provided for connecting the sin x sensor winding 31 to 
the digitiser electronics. As those skilled in the art 
will appreciate, the indentations in some of the 
conductor tracks which extend in the x- and y-directions, 
such as at 99, are provided in order to route the 
conductor track past via holes used to connect conductor 
tracks of the other sensor windings. 

As shown, the conductor tracks of the sin x sensor 
35 winding .31 are connected to form two sets of loops 32-1 



20 



25 



wo 00/33244 



PCT/GB99/03989 



23 

and 32-2 which are arranged in succession along the x- 
direct.ion, with each loop extending along the x-direction 
and being connected in series so that an electromotive 
force (EMF) induced in loops of the same set by a common 
background alternating magnetic field add together and so 
that EMFs induced in the first set of loops 32-1 by a 
common background alternating magnetic field oppose the 
EMFs induced in the second set of loops 32-2, As shown, 
in this embodiment, there are three loops in each set of 
loops 32-1 and 32-2 and each set of loops is arranged to 
enclose a similar area. Therefore, any EMFs induced in 
the loops of the first set 32-1 by such a background 
magnetic field will substantially cancel out with the 
EMFs induced in the loops of the second set 32-2. 
However, as those skilled in the art will appreciate, if 
a point magnetic field source (or something similar such 
as the resonant stylus) is moved across the sensor 
winding 31, then the magnetic coupling between the point: 
source and the sensor winding 31 will vary with the x- 
position of the point source. There will be little or no 
variation with the y-position, except at the edges near 
the conductor tracks that extend in the x-direction. As 
a result of the "figure-of-eight" connection between the 
two sets of loops 32-1 and 32-2, this variation with x- 
pos^tion can be approximated to be sinusoidal. As those 
skilled in the art will appreciate, this variation can be 
made more sinusoidal by the appropriate positioning, in 
the x-direction, of the conductor tracks of the sensor 
winding 31 which extend in the y-direction. As explained 
in the applicant's earlier International Application 
PCT/GB99/01638 this is because unwanted spatial harmonic 
components of the variation can be removed by the 
appropriate placement of these conductor tracks. The 
reader is referred to this earlier International 
Application for further details of this harmonic 
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suppression technique. As those skilled in the art will 
appreciate, it is because of this approximate sinusoidal 
variation that the signal induced in the sensor winding 
31 by the resonant stylus 5 has a peak amplitude which 
approximately varies as the sine of the x-position of the 
stylus 5 . 

Figure 7c shows the printed conductors which form the cos 
x sensor winding 33. Again, the printed conductors on 
the top layer of the sensor PCB 13 are shown as solid 
lines whilst those on the bottom layer are shown as 
dashed lines. As with the sin x sensor winding 31, most 
of the conductor tracks which extend in the y-direction 
are provided on the top layer of the sensor PCB 13 and 
most of those which extend in the x-direction are 
provided on the bottom layer of the sensor PCB 13 and the 
ends of the conductor tracks on the top layer are 
connected to the ends of the conductor tracks on the 
bottom layer at the via holes, some of which are labelled 
97. Figure 7c also shows the two connection pads 109 and 
111 which are provided for connecting the cos x sensor 
winding 33 to the digitiser electronics. 

As shown, the conductor tracks of the cos x sensor 
winding 33 are connected to form three sets of loops 34- 
la, 34-2 and 34-lb which are arranged in succession along 
the x-direction, with each loop extending along the x- 
direction and being connected in series so that an EMF 
induced in loops of the same set by. a common background 
alternating magnetic field add together and so that EMFs 
induced in the first and third set of loops 34-la and 34- 
lb by a common background alternating magnetic field 
oppose the EMFs induced in the second set of loops 34-2- 
As with the sin x winding, there are three loops in each 
set of loops and the loops in the second set of loops are 
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arranged to enclose a similar area to the combined area 
enclosed by the loops in the first and third set of 
loops. As a result, EMFs induced in the loops by a 
background magnetic field will substantially cancel out 
5 with each other. However, as with the sin x sensor 

winding, when the resonant stylus 5 is moved "across the 
sensor winding 33, the magnetic coupling between the 
resonant stylus 5 and the cos x sensor winding 33 varies 
with the x-position of the stylus 5. As a result of the 

10 alternating sense of conductor loops, this variation with 

x-position can be approximated to be sinusoidal. 
However, since the sets of loops of the cos x sensor 
winding 33 are shifted in the x-direction by a quarter of 
the winding pitch (L^) , the sinusoidal variation will be 

15 in phase quadrature to the variation of the sin x sensor 

winding 31 • As a result, the signal induced in the 
sensor winding 3 3 by the resonant stylus 5 has a peak 
amplitude which approximately varies as the cosine of the 
x-position of the stylus 5. 

20 

Figures 7d and 7e show the printed conductors which form 
the sin y sensor winding 35 and the cos y sensor winding 
37, As shown in these figures, these sensor windings are 
similar to the sin x and cos x sensor windings except 

25 they are rotated through 90°. As shown in Figures 7d and 

7e, the sin y sensor coil 3 5 shares the connection pad 
107 with the sin x sensor winding 31 and the cos y sensor 
winding 37 shares the connection pad 111 with the cos x 
sensor winding 33. Figure 7f shows the top layer of 

30 printed conductors and Figure 7g shows the bottom layer 

of printed conductors of the sensor PCB 13 which together 
form the excitation winding 2 9 and the sensor windings 
31, 33, 35 and 37. In the circuit board shown in Figure 
7, the conductor tracks have a width of approximately 

35 0.15mm and ' the minimum gap between adjacent tracks is 
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approximately the same. Although it is possible to 
employ finer tracks and gap distances on the PCB, this 
increases cost due to additional manufacturing precision 
and lower manufacturing yields, 

DESIGN OF SENSOR WINDINGS 

As those skilled in the art will appreciate, the design 
of the sensor windings is one of the most critical 
aspects of the digitiser. The design involves, for a 
given area of printed circuit board, maximising the 
digitising area and accuracy of and the signal levels 
from the sensor windings. As will be apparent to those 
skilled in the art, the critical aspect of the x- 
direction sensor windings 31 and 33 are the x-positions 
of the conductor tracks of the windings 31 and 33 which 
extend in the y-direction» Similarly, the critical 
aspect of the design of the y-position sensor windings 35 
and 3 7 is the y-position of the conductor tracks of the 
windings 3 5 and 37 which extend in the x-direction. In 
the following discussion, these conductors will be 
referred to as the primary sensing conductors and the 
tracks which connect the ends of these primary sensing 
conductors to other primary sensing conductors will be 
referred to as the connecting conductors. 

The first task in designing the sensor windings is to 
identify the desired x-position of the primary sensing 
conductors for the x-position sensor windings 31 and 33 
and the desired y-position of the primary sensing 
conductors of the y-position sensor windings 35 and 37. 
In this, embodiment, this is achieved by arranging the 
primary sensing conductors to have approximately a 
sinusoidal density along the x- or y-direction 
respectively, in order to achieve the required sin/cos 
sensitivity. In this embodiment, in order to maximise 
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the extent: of accurate y-direction position sensing, the 
connecting conductors of the sin x and cos x sensor 
windings 31 and 33 (conductors 31-1 to 31-12 and 33-1 to 
33-14) are placed within the outermost primary sensing 
conductors of the sin y and cos y sensor windings 35 and 
37 (conductors 35-1 and 35-2 and 37-1 and 37-2 
respectively). This is illustrated in Figures 7f and 7g- 
The alternative of placing the connecting conductors of 
the x-direction sensor windings beyond the outermost 
primary sensing conductors of the y-direction sensor 
windings would result in a reduced extent of accurate y- 
direction position sensing, and hence a greater 
"deadband" of unsensed area at the top of the PCB sensor 
board 13- This is a problem where space is critical, 
such as in the hand-held PDA system of the present 
embodiment. As shown in Figure 7g, the connecting 
conductors of the sin x sensor winding 31 (conductors 31- 
1 to 31-12) are interleaved with the connecting 
conductors of the cos x sensor winding 33 (conductors 33- 
1 to 33-14) and they are placed between the other primary 
sensing conductors of the sin y and cos y sensor 
windings- When choosing which of the sin x and cos x 
conductor tracks to place in the outermost position, 
priority is preferably given to the outer turns, since 
these are the most sensitive to the resonator magnetic 
field. 

Another novel aspect of the design of the sensor windings 
in this embodiment is the way in which the loops of each 
set of loops of each sensor winding are connected 
together. In the system previously proposed by the 
applicant in W098/58237 , the loops of each set of loops 
of a sensor winding were formed by providing a continuous 
decreasing spiral of conductor track and the two sets of 
loops are then connected by connecting the ends at the 
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inside of the two spiral wound conductor tracks. In the 
case of the prior art "sin" sensor winding, the 
connection required to connect from the inside of one 
spiral winding to the inside of the other spiral winding 
requires an additional connecting conductor at the side 
of the sensor PCB 13 and in the case of the prior art 
"cos" sensor winding, requires two additional connecting 
conductors at the side of the sensor PCB. Since these 
additional connecting conductors require additional rows, 
these prior art sensor windings require excessive space 
at the sides of the PCB and therefore reduces the area 
coverage for a given size of circuit board. 
Additionally, these additional connecting conductors 
disturb the spacing between the other connecting 
15 conductors and causes the sensor windings' sensitivity to 

magnetic field from the resonant stylus to be less 
sinusoidal in the vicinity of the connecting conductors, 
thereby causing signal-to-noise and offset dif f iculties • 

20 In the design of the sensor windings shown in Figure 7, 

the connection between the turns or loops is made by 
cross-connections (such as at 121 shown in Figure 7b) in. 
the central region of the sensor PCB 13. As shown in 
Figures 7b to 7e, the cross-connections are made with 

25 conductors on opposite sides of the two-layer sensor 

circuit board 13. They cause minimal disruption to the 
sin/cos sensitivity of the sensor windings to the 
resonator magnetic field because the crossover region is 
small and the two sets of conductors involved run close 

30 to each other, creating spurious fields that 

substantially oppose one another. Using this novel 
design approach, the position of the crossover regions is 
not critical. This therefore enables all of the sensor 
windings to be connected in such a manner on a^ double- 

35 sided PCB without clashes, as illustrated in Figure 7. 
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Figure 8 illustrates the way in which a sin x sensor 
winding 13 1 and a cos x sensor winding 133 similar to 
those shown in Figures 7b and 7c are designed. 
Initially, the required number of loops within each set 
of loops is determined. As mentioned above, and as shown 
in Figure 8, in this embodiment there are three loops in 
each set of loops 132-1 and 132-2. It is then important 
to identify the direction of current flow within each 
loop which will provide the sinusoidal sensitivity of the 
winding to the resonator magnetic field and which will 
minimise any coupling with the excitation winding. This 
is achieved by ensuring that the direction of current 
flow is the same in the loops of the same set and 
opposite to the direction of current flow in the loops of 
the adjacent set. This is shown in Figure aa for the sin 
X sensor winding and in Figure 8b for the cos x sensor 
winding. Once the primary sensing conductors (the 
conductors extending in the y-direction of the windings 
shown in Figures 8a and 8b) have been located at the 
appropriate positions along the x-direction, the loops 
are connected in series by making appropriate cross- 
connections 137 and 139 and appropriate connection 
terminals 141 and 143 are provided so that the windings 
can be connected to the processing electronics. This is 
illustrated in Figures 8c and 8d for the sin x and cos x 
sensor windings shown in Figures 8a and 8b. As those 
skilled in the art will appreciate, connections 141 and 
14 3 to the sensor windings can be made from almost any 
point on the sensor PCB 13 without significant 
disturbance, since the conductors of each sensor winding 
run over the entire surface area of the PCB 13. This 
contrasts with the prior art systems that use arrays of 
parallel loop coils (such as those described in US 
4878553), where long runs of connecting conductors are 
required to make connection to all the loops coils* 
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These additional connecting conductors take up space on 
the circuit board and are also susceptible to spurious 
electromagnetic interference. 

STYLUS 

The stylus of the present embodiment overcomes a number 
of problems with previous styluses which have been 
proposed and is more suited to low cost volume 
manufacture and low power operation. it is also 
sufficiently compact for space critical applications such 
as the hand-held PDA of the present embodiment. Further, 
its characteristics remain stable over long time periods 
and are insensitive to temperature ' variations . As 
mentioned above, the resonant stylus 5 in this embodiment 
comprises a resonant circuit 41 which includes an 
inductor coil 4 5 and a capacitor 43. The resonant stylus 
is also designed so that the resonant frequency of the 
resonant circuit 41 changes when the tip of the stylus is 
brought down into contact with the writing surface of the 
digitising system. The particular structure of the 
resonant stylus used in this embodiment which achieves 
these functions will now be described with reference to 
Figures 9 to 14. The description of the stylus will also 
highlight a novel design which automatically compensates 
for tilt of the stylus caused by the user holding the 
stylus in a comfortable writing position. 

Figure 9a shows an exploded view of the components of the 
resonant stylus 5 used in this embodiment. As shown, the 
stylus comprises a stylus body 151 comprising a hollow 
front body portion 152 (shown in cross-section in Figure 
10a) and a hollow rear body portion 154 (shown in cross- 
section in Figure 10b), which houses: the resonant 
circuit comprising the inductor coil 45 and the capacitor 
43; a 2mm diameter ferrite rod 153; a first movement- 
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limiting member 155 (shown in more detail in Figure 11); 
a second movement-limiting member 15 7 (shown in more 
detail in Figure 12); a nib 159; and a spring 163. 

Figure 9b shows the assembled stylus 5 in cross-section. 
The stylus 5 is assembled by soldering the capacitor 43 
(which in this embodiment is a surface mount capacitor) 
to the ends of the inductor coil 4 5 and covering the 
connections with a conformal coating (not shown) to 
ensure that the stylus will still operate if it gets damp 
in use. The nib 159, which in this embodiment is made 
from acetal, is then pushed over one end of the ferrite 
rod 153. The coil 45 is then fitted over the ferrite rod 
153 and then the first movement-limiting member 155 is 
pushed over the free end of the ferrite rod 153. The 
second movement-limiting member 157 is then assembled 
together with the first movement-limiting member 15 5 and 
the capacitor 43 is placed in a recess 165 in the second 
movement- limiting member 157. This assembly is then 
placed into the front body portion 152 and the spring 163 
is placed into the rear body portion 154. A neck 166 of 
the rear body portion 154 is then push fit into the front 
body portion 152, thereby pushing the ferrite assembly 
into the front body portion 152. Glue may be added to 
the joint between the front body portion 152 and the rear 
body portion 154 in order to hold the components 
together. 

Referring to Figures 9 to 12, when assembled, the front 
face of the coil 45 (face 45a which faces the nib 159) 
abuts against a shoulder 167 of the front body portion 
152 and the rear face of the coil 45 (face 45b which 
faces the spring 163) abuts against a first front face of 
the second movement-limiting member 157 (face 157a which 
faces, the nib 159). The rear face of the second 
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movement-limiting member 157 (face 157b which faces the 
spring 16.3) abuts against the front face (face 154a) of 
the rear body portion 154 (face 154a which faces the nib 
159). In this way, the inductor coil 45 and the second 
movement-limiting member 157 are fixed in position with 
respect to the stylus body 151, with, in this embodiment, 
the coil 45 being positioned towards the rear face of the 
ferrite rod 153 (face 153a which faces the spring 163). 

The nib 159, the ferrite rod 153 and the first movement- 
limiting member 155 are slidably mounted within the 
stylus body 151 and spring biased (by spring 163) towards 
the front end 161 of the front body portion 152. The 
movement of the ferrite assembly in this direction is, 
however, limited by the abutment of a front face of the 
first movement-limiting member 155 (face 15 5a which faces 
the nib 159) with the rear face 45b of the inductor coil 
45. When pressure is applied to the nib 159 of the 
stylus against the biasing force of the spring 163, the 
ferrite assembly moves towards the rear body portion 154 
until the rear face of the first movement-limiting member 
155 (face 155b which faces the spring 163) abuts against 
a second front face of the second movement-limiting 
member (face 157b which also faces the nib 159). As 
shown in Figure 9b, the ferrite assembly can, therefore, 
only move a predetermined distance (do) (referred to 
hereinafter as the click distance) when pxessure is 
applied to the end of the nib 159. This movement 
increases the distance d, between the rear face 153a of 
the ferrite rod and the rear face 4 5b of the inductor 
coil 45. As those skilled in the art will appreciate, 
this causes an increase in the inductance of the coil 45 
due to greater coupling between the ferrite rod 153 and 
the coil 45, which in turn gives rise to a decrease in 
the resonant frequency of the resonant circuit. The 
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exact change in the resonant frequency depends, not only 
on the click distance do but also on the initial value of 
di, before the nib 159 is pressed and on the clearance 
between the windings of the inductor coil 45 and the 
ferrite rod 153 • 

Users of the stylus usually desire the click distance do 
to be as small as possible, for exaunple less than 0 . Smm, 
so that the stylus' writing action is as similar to a 
conventional pen as possible. Therefore, it is important 
to design the rest of the stylus to ensure that the 
desired frequency change is achieved with such a small 
click distance. 

Figure 13 is a Cartesian plot showing the way in which 
the resonant frequency changes with the distance d^ for 
different clearances between the coil windings and the 
ferrite rod. In particular, plot 17 5 shows the way in 
which the resonant frequency changes with distance di 
when there is a small clearance between the windings of 
the coil 45 and the ferrite rod 153 whilst plot 177 shows 
the way in which the resonant frequency changes with 
distance di when there is a larger gap between the 
windings of the coil 45 and the ferrite rod 153. As 
shown in Figure 13 excessive clearance between the 
windings of the coil 4 5 and the ferrite rod 153 increases 
the required click distance do to achieve a predetermined 
frequency change (dF) required by the overall digitising 
system to ensure reliable detection. Although it is 
possible to compensate for this by adding further coil 
windings, this is not preferred, since this would 
increase the coil's diameter or length, which are both 
undesirable as the stylus diameter should be minimised 
and excessive coil length, has further consequences 
including a reduction in the obtained change of frequency 



wo 00/33244 



PCT/GB99/03989 



34 

(dF) for the click distance d<,. 

Therefore, in this embodiment, the inductor coil 4 5 is 
manufactured as a self -bonded winding- As a result, it 
does not need a coil former and the ferrite rod slides 
inside the coil 45 directly. The extra diameter for a 
coil former would decrease the performance as described 
above. In this embodiment, the coil 45 is made of 
standard self-bonding enamelled grade I copper wire. As 
those skilled in the art will appreciate, the combination 
of the hard ferrite rod 153 and soft wire and coating is 
ideal for wear resistance. 

As those skilled in the art will appreciate from the plot 
shown in Figure 13, in order to ensure that the resonant 
frequency of the stylus when the nib 159 is not pressed 
and the change in the resonant frequency when the nib 159 
is pressed, are tightly controlled, both the initial 
value of di and the change in d, (i.e. do) must be tightly 
toleranced. In this embodiment, apart from the resonator 
elements and the spring, all of the remaining parts of 
the stylus are made in an injection moulding process for 
low cost manufacture. The initial value of d, is 
determined by the first movement- limiting member 155 and 
in particular by the depth (d^) of the hole 181 in the 
face 155a. Since this first movement -limiting member 155 
is made by injection moulding, it is possible to hold a 
tight diameter tolerance for the hole 181 (in order to 
ensure a tight interference fit with the ferrite rod 153) 
and to achieve a tight tolerance on the depth d^. This 
depth is set to the required initial distance d, so that 
when the nib 159 is not pressed, the spring 163 presses 
the front face 155a of the first movement-limiting member 
against the rear face 45b of the coil 45, so that the 
ferrite rod 153 protrudes the exact initial distance d, 
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required. Additionally, in this embodiment, the 

connections from the coil 45 to the capacitor 4 3 are 
taken from the front face 45a of the coil to ensure that 
the rear face 45b of the coil is less flawed and provides 
a more reproducible end stop for the first movement- 
limiting member 155- This therefore ensures that the 
initial resonator frequency can be accurately and 
repeatably set. 

As shown in Figure 9b and as discussed above, the first 
movement-limiting member 155 slides within the second 
movement-limiting member by the click distance do when 
the nib 159 is pressed. As can be seen from Figure 9b, 
this click distance do is therefore defined by the 
distance dj shown in Figure 11a, between the front face 
155a and the rear face 155b of the first movement- 
limiting element 155 and the distance shown in Figure 
12a, between the first front face 157a and the second 
front face 157b of the second movement-limiting member 
157. Again, because both of these elements are 
manufactured using an injection moulding process, these 
dimensions can be accurately controlled because the 
critical dimensions are foirmed by a single part of each 
injection moulding tool. It is much more difficult to 
control in a cheap and reliable manner dimensions that 
are determined by parts of the injection moulding tool 
that move relative to one another in the moulding 
process, because it is difficult to make the tool close 
to exactly the same position for each part. In addition, 
the temperature of the tooling may' vary between moulding 
operations which can also cause poor tolerances. 
Further, the critical faces 157a and l'57b and faces 155a 
and 155b are also relatively close together in the mould 
compared to the click distance do- Therefore, the effect 
of thermal expansion or shrinkage in the moulding tool is 
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less significant than if the distances were greater. 

The first and second movement-limiting members 155 and 
157 should be made from a material with similar 
coefficients of thermal expansion, so that the click 
distance do remains approximately constant with 
temperature. In systems where a high level of thermal 
stability of the click distance do is required, then the 
second movement-limiting member should have a slightly 
lower coefficient of thermal expansion than that of the 
first movement-limiting member because distance d3 is 
slightly greater than distance d2 . In this way, the 
click distance do can be well controlled and since the 
initial value of is also well controlled, the 

resonator frequency shift dF will also be well 
controlled. 

In this embodiment, the initial value of the distance d^ 
when no pressure is applied to the nib, is approximately 
2.3mm. When pressure is applied, this changes dj by 
0.3mm. As shown in plot 175 of Figure 13, this results 
in a downward frequency change of approximately 1.5%. As 
described above, the downward frequency shift is suited 
to a system employing a permeable magnetic screen, since 
this also has the effect of decreasing the resonant 
frequency of the stylus and therefore, the two effects do 
not partially cancel each other out. If the. stylus was 
designed so that pressure on the nib of the stylus 
resulted in an increase in the resonant frequency, then 
a larger frequency shift would be necessary in order to 
ensure reliable detection, since the amount of detuning 
due to the screen is not constant. 

STYLUS TILT INSENSITIVITY 

As mentioned above, one of the problems with x-y 
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digitising systems which use styluses is that a 
positional error is introduced into the measurements if 
the stylus is tilted relative to the sensor windings. 
The prior art systems to date have tried to measure the 
tilt and then compensate for it. This measurement of the 
tilt requires additional components and calculation which 
adds to cost and complexity. The novel solution 
presented below compensates for stylus tilt inherently, 
and requires no additional components or processing. 
Simply stated, the applicant has found that for periodic 
windings, such as the sensor windings described above 
with reference to Figure 1, by locating the magnetic 
centre of the ferrite rod and resonator combination 
approximately one spatial radian (relative to the period 
of the sensor windings ) from the desired measurement 
point of the stylus, compensates for the tilt of the 
stylus. In this embodiment, where the sin/cos pitch for 
the X- and y-directions is different, the length of -the 
ferrite rod which achieves this is approximately a 
quarter of the average pitch {i.e. [L^ Ly]/8). The 
reason for this will now be explained. 

Figure 14 schematically illustrates a stylus 205 which is 
tilted by angle ax to the direction which is normal to 
the plane of the LCD display 3 and the plane of the 
sensor board 13. As shown in Figure 14, the stylus 205 
includes an elementary magnetic field emitter 211 which 
has a magnetic centre on the axis 215 of the stylus 205 
and which emits a magnetic field along the axis 215. The 
signal levels induced in the sin x and cos x sensor 
windings on the sensor PCB 13 by this magnetic field 
emitter 211, after demodulation and ignoring the 
exponential terms, are: 
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where Xp is the x position corresponding to the magnetic 
centre of the magnetic field emitter element 211. As 
shown in Figure 14, the magnetic centre is displaced 
along the stylus axis 215 by a distance 1,. Therefore, 
the X position of the tip of the stylus (x^^p) is related 
to Xp by: 
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Therefore, if 1^ is made equal to L^/2n, then the 
apparent position of the element calculated by the 
processing electronics will be approximately x^ip as 
required. This is because the other term approximately 
cancels out since ax is approximately equal to sin ax- 
Although this approximation is only mathematically true 
for small angles oc^, the inventors have found that this 
approximation does work in practice for much larger tilt 
angles of up to approximately ±45°. Therefore, the 
position that the sensor electronics calculates from the 
arc tangent calculation is approximately the stylus tip 
position independent of the tilt angle a^. 



30 



35 



This illustrates that a small coil or wound ferrite at a 
predetermined distance (in this embodiment approximately 
10mm) from the stylus tip will result , in the required 
tilt insensitivity . However, this is not an optimum 
system since a long ferrite element is preferable to 
concentrate the magnetic field. Additionally, the 



wo 00/33244 PCT/G B99/03989 



39 

ferrite should extend closer to the stylus tip (and hence 
the sensor board) in order to increase the signal levels 
induced in the sensor windings. Using a ferrite rod that 
extends from a position close to the stylus tip along the 
5 axis of the stylus and whose effective average position 

is li (not necessarily a simple average, but considering 
all field effects) solves these problems. The inventors 
have found through experimentation, that the ferrite rod 
should be approximately a guarter of the sensor winding's 
10 ^ pitch to achieve the desired result. 

As those skilled in the art will appreciate, the length 
of the ferrite rod can be modified in order to change the 
apparent position so that it does not correspond to the 

15 tip of the stylus. For exajnple, the ferrite rod may be 

shortened in order to approximate to the intersection 
point of the stylus axis and a plane between the stylus 
tip and the sensor board (for example the upper surface 
of a display device or the effective plane of the 

20 pixels ) . 

As those skilled in the . art will appreciate, the above 
stylus has a number of advantages over the prior art 
styluses which operate in a similar way, such as those 
25 described in US 5565632. These include: 

(i) The ability to reliably and repeatedly define an 
initial resonant frequency of the resonant stylus, the 
click distance and the change in resonant frequency 

30 caused by pressure applied to the nib. 

(ii) The ability to ensure that the click distance 
do is thermally stable. 
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(iii) The stylus is particularly resistant to shock 
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since the ferrite rod is a simple component without holes 
or other features that are potential areas for crack 
initiation. When dropped on the nib, the shock of the 
impact is carried along the length of the ferrite rod. 
The main areas of concern from a cracking point of view 
are the ends of the rod. In this embodiment, the ends of 
the ferrite. rod are pushed into tight-fitting plastic 
parts that hold them in compression. Ceramic materials 
such as ferrite and other similar magnetic materials are 
more resistant to shock when in compression. The use of 
a simple cylindrical ferrite rod also reduces 
manufacturing cost due to its simple shape. It also 
makes it possible to hold a very tight diameter tolerance 
and a relatively tight length tolerance. The diameter 
tolerance is important because the ferrite rod is 
designed to run freely inside the coil but without 
excessive clearance . 

(iv) The inductor coil is relatively short compared 
to the length of the ferrite rod and is positioned at the 
far end away from the nib. This gives a large dF/ddi 
quantity, which is desirable to minimise the click 
distance do for a required change in frequency dF. A 
longer coil or a coil that is closer to the nib would 
give rise to a lower dF/ddi and the click distance dg 
would have to be increased for a desired frequency change 
dF. This coil position also enables the diameter of the 
stylus to taper towards the nib, giving an improved feel 
to the pen for the user. If the coil were closer to the 
nib the tapering would not be possible due to reduced 
plastic .wall thickness. 

(V) The stylus design uses a convention metal 
biasing spring 163 of relatively large size. This makes 
it easier to achieve a low actuation force for the nib 
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which gives the pen a quality feel. This also means that 
the user does not need to press hard onto the writing 
surface which in this embodiment is the surface of the 
LCD which could be damaged by excessive force. 

(vi) The inductor coil of the resonant circuit needs 
to be wound so that the number of turns is constant. 
This results in a relatively constant resonant frequency 
when the coil is used in conjunction with the ferrite rod 
and the capacitor. However, since the wire diameter of 
the coil may vary, the winding length of the inductor 
coil may also vary if the number of turns is constant. 
However, this variation in the length of the inductor 
coil will be compensated for by the sliding interference 
fit arrangement of the rear body portion with the front 
body portion of the stylus, since the rear body portion 
slides into the front body portion until it sandwiches 
the coil between the front body portion and the second 
movement-limiting member. 

(vii) The second movement-limiting member 157 fits 
over the first movement-limiting member 155 which 
facilitates assembly. However, in spite of the asymmetry 
inherent in this design, the final stylus appears 
si^runetric to the user because the nib 159 is constrained 
to move only along the longitudinal axis of the stylus 
body 151. 

(viii) Since the nib 159 is relatively sharp and 
tapered, this allows the user to be able to use the 
stylus at an angle which is the normal writing style of 
most users. This is difficult to achieve since it is 
important that the ferrite rod 153 be as close as 
possible to the nib end. If it is not, then the pea 
would require . a shorter ferrite rod 153 in order to 
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achieve the same system tilt insensitivity discussed 
above. However, shortening the ferrite rod decreases the 
resonant circuit's effective magnetic cross-section and 
Q-factor, both of which result in reduced signal levels 
which results in poorer system performance. The design 
shown above in Figure 9 shows how the ferrite rod can be 
placed near to the nib end. 

(ix) The stylus design described above is relatively 
tolerant to ferrite rod length variations. The tightly 
toleranced initial value of d^ and the click distance do 
are set by components at the far end of the inductor coil 
45 away from the nib 159. If the rod length varies, then 
it will simply alter the axial position of the nib 159. 
However, the nib 159 is free to move over a significant 
axial distance without constraint. The effective 
magnetic centre of the magnetically coupled resonant 
circuit in the stylus remains at a relatively constant 
position from the nib's tip in spite of different rod 
lengths. This is due to the ferrite rod being pushed 
fully into the nib against an end stop, whatever the 
length of the rod. The position of the nib end of the 
ferrite rod relative to the nib influences the position 
of the device's effective magnetic centre more strongly 
than its opposite end. The position of the effective 
magnetic centre of the stylus is usually set so that the 
indicated position is the centre of the nib tip's radius, 
when used in conjunction with the sensor windings 
discussed above. 

(X) Since the initial resonant frequency of the 
resonator is well toleranced and the change in frequency 
is also well toleranced, there is no need to spread the 
energy of the excitation signal over a relatively wide 
band of frequencies (for example either by reducing the 
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number of transmit pulses or by transmitting at different 
narrowband frequencies) to ensure that the signals 
received back from the resonator are large enough for 
position measurement. Therefore, the system is more 
power efficient which results in longer battery life for 
the hand-held PDA. 

MODIFICATIONS AND ALTERNATIVE EMBODIMENTS 
In the above embodiment, a hand-held personal digital 
assistant has been described which includes an x-y 
digitising tablet which operates with a resonant stylus. 
Various novel features of the digitiser windings and of 
the stylus have been described which make the system 
suited for such low cost high volume applications. The 
skilled reader will appreciate that many of the novel 
aspects of the system described are independent of each 
other. For example, the stylus described above can 
operate with the prior art digitiser windings described 
in US 4878553 or W098/58237 and the digitiser windings 
described above can operate with the prior art stylus, 
such as those described in US 5565632, or with any other 
prior art magnetic field generating or altering device. 

A number of modifications and alternative embodiments 
will now be described. 

As mentioned above, the design of the sensor -windings is 
one of the most critical aspects of the digitiser and 
involves maximising the digitising area of the sensor 
windings. Each of the sensor windings can be divided 
into a number of primary sensing conductors and 
connecting conductors which connect che primary sensing 
conductors to each other. With the three turn sensor 
windings described above, these connecting conductors 
required five rows of conductor track at the edges of the 
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sensor PCB. Figure 15a schematically illustrates the 
loops of a sin x sensor winding 231 in which the 
connecting conductors for the inner loops 233 and 235 are 
interlaced between the connecting conductors for the 
outer loops 2 37 and 239 and 241 and 24 3 respectively. As 
those skilled in the art will appreciate, if the winding 
shown in Figure 15a is superimposed over the cos x 
winding illustrated in Figure 8b, only four rows of 
connecting tracks are required at each side of the sensor 
PCB. This interlacing therefore reduces the space 
required for these connecting tracks and therefore 
reduces the "deadband" at the side of the sensor PCB. As 
those skilled in the art will appreciate, rather than 
interlacing the connecting tracks for the sin x sensor 
winding, this interlacing can be performed on the cos x 
sensor winding, as illustrated in Figure 15b for the cos 
X sensor winding 245. Further, as those skilled in the 
art will appreciate, a similar interlacing technique can 
be performed on the y-position sensor windings. 

The above embodiment has described a hand-held personal 
digital assistant which employs a digitising system which 
is embedded behind the LCD of the device. As those 
skilled in the art will appreciate, the digitising system 
described above can be used for various applications. It 
is particularly useful, however, for low cost high volume 
consumer products such as PDAs, web browsers and mobile 
telephones and the like. Figure 16 illustrates the way 
in which a mobile telephone 251 may be adapted to include 
a liquid crystal display 255 and underneath the display 
an x-y set of digitiser windings such as those described 
above which are operable to sense the position of a 
resonant stylus 257. The digitising system may be used 
to allow the user to create, for example, short text 
messages which can then be sent by the mobile telephone 
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to another party. If the mobile telephone includes , for 
example, an organiser^ then the digitiser can be used to 
..control the inputting, manipulation and outputting of 
data from the organiser. 

5 

In the first embodiment, the digitiser system employed a 
number of sensor windings, an excitation winding and a 
resonant stylus. In an alternative embodiment, rather 
than using a resonant stylus, a stylus having either a 

10 short-circuit coil or a magnetic field concentrator (such 

as a piece of ferrite) could be used. However, in such 
embodiments, lower signal levels would be induced in the 
sensor windings and the system could not operate in the 
pulse-echo mode of operation since the non-resonant 

15 elements do not continue to "ring" after the excitation 

signal has ended. In a further alternative embodiment, 
rather than using a passive stylus, a powered stylus 
could be used with the sensor windings discussed above. 
In this case, since the stylus has power to generate its 

20 own magnetic field, there is no need for thei excitation 

winding, although it may still be provided in order to 
give a phase reference signal to the stylus. The power 
to the stylus may be provided either by a battery 
.contained within the stylus or by connecting the stylus, 

25 r^^'ia a lead, to a power source. As those skilled in the 

-art will appreciate, whilst such powered stylus 
embodiments are possible, they . are not preferred since 
they increase the cost of the stylus and/or they require 
...a lead to the stylus which interferes with the normal use 

30 of the device by the user. 

. In the above embodiment, the stylus employed an inductor 
coil formed from self-bonding copper wire and did not 
have a former. As discussed above, this provides the 
35 advantage that the gap between the f errite core, and the 
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windings of the coil can be made very small. As those 
skilled in the art will appreciate, this benefit will 
still arise if a thin former, made for example, from 
paper or plastic is used rather than the conventional 
relatively thick former traditionally employed. The term 
"formerless coil" in the appended claims is intended to 
cover such alternatives. 

In the above embodiment, a single resonant stylus was 
provided. As those skilled in the art will appreciate, 
the system may operate with multiple styluses having 
different resonant frequencies. Each stylus may then be 
assigned a different function in the system. 

In the stylus of the above embodiment, the ferrite rod 
always protrudes from the rear face of the inductor coil 
by a distance greater or equal to the initial value of 
di- If the inductor coil is not in near contact with the 
ferrite rod, then dF/ddi would be smaller and therefore 
the initial value of di would need to be reduced to the 
point where it is no longer possible to attach the first 
movement-limiting member to the ferrite rod, unless the 
coil also surrounds the end of the first movement- 
limiting member. However, this would increase the 
diameter of the coil further or would require the ferrite 
rod to be modified to a non-cylindrical form, thereby 
increasing cost and fragility. 

In the above embodiment, the movement- limiting members 
were arranged to the rear of the inductor . coil . Whilst 
it is possible to place the movement-limiting members in 
front of the inductor coil, towards the nib, this is not 
preferred, since there is less space towards the nib end 
for these parts. Further, whilst the biasing spring 163 
has been provided towards the rear of the stylus, this 
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may be replaced by a low force spring at the nib end of 
the inductor coil. However, in such an embodiment, the 
spring may need to be made short and therefore of an 
undesirably thin wire diameter to ensure a low actuation 
force for the nib, which adds to the component cost and 
assembly difficulty. Further, the use of a metal spring 
at the nib end may adversely interfere with the 
resonator's magnetics. A plastic spring arrangement 
could be used instead, but this is susceptible to creep 
over time, resulting in a loss of return- force • 

In the stylus of the above embodiment, the first 
movement-limiting member rests against the rear face of 
the inductor coil when there is no pressure applied to 
the nib of the stylus. This state defines the initial 
value of distance dj , the distance that the ferrite rod 
initially protrudes from the coil. As those skilled in 
the art will appreciate, it is possible to use another 
member to define this initial value of d^. However, in 
this case, it would be important to avoid contact between 
the coil and any component that holds the ferrite rod at 
its far end away from the nib. Since the initial value 
of di is small, this holding component would have little 
length along the ferrite rod over which to hold it. 
Therefore, the ferrite rod would be difficult to hold and 
may reguire expensive manufacturing operations such as 
glueing. 

In the stylus of the above embodiment, the length of the 
ferrite rod was chosen in order to reduce the effect of 
stylus tilt. As those skilled in the art will 

appreciate, it is not necessary to use a coil which has 
a ferrite core in order to achieve tilt insensitivity . 
A similar tilt insensitivity can be obtained by a 
suitable arrangement of coils. Again the arrangement of 
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coils should be such that the average magnetic centre of 
the coils is approximately pitch/2n from the desired 
apparent measurement point. 

Figures 17a to 17d diagrammatically illustrate four 
alternative forms of the stylus. m particular, Figure 
17a shows the tip 159 which is mounted on the end of the 
ferrite core 153. Figure 17a also shows the coil 45 
through which the ferrite core 153 passes and which, in 
this embodiment is also fixed to the stylus housing 275. 
As shown, in this form of the stylus, a movement-limiting 
member 277 having an internal slot 279 is connected for 
movement with the ferrite rod 15 3 and is spring-biased 
towards the tip 159 by the spring 163. As shown, a pin 
281 which is also fixed to the stylus housing is provided 
inside the slot 279. Therefore, in this embodiment, the 
length of the slot 279 defines the extent of movement of 
the tip 159. Figure 17b illustrates a similar embodiment 
except in this case, the movement-limiting member 277 is 
fixed relative to the housing 275 and the pin 281 is 
mounted for movement with the ferrite rod which is 
spring-biased by the spring 163. 

In the above embodiment, both the initial distance 
between the end of the ferrite rod and the end of the 
coil (d.) was fixed together with the click distance (do) 
of the stylus. Figure 17c schematically illustrates an 
embodiment in which only the initial distance between the 
end of the ferrite rod and the end of the coil (d.) is 
fixed by the central bore 283 of the movement-limiting 
member 285 . Therefore, only the initial frequency of the 
resonant circuit is fixed. As those skilled in the art 
will appreciate, in this embodiment, the click distance 
is only limited by the distance that the nib can be 
pushed inside the stylus housing. 
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In the above embodiments, the ferrite core was mounted 
for movement with the tip and the coil was fixed to the 
housing. As those skilled in the art will appreciate, 
the stylus can operate with the ferrite core being fixed 
relative to the housing and the coil being mounted for 
movement with the tip. Such an embodiment is 

diagrammatical ly illustrated in Figure 17d which shows 
that the coil 45 is mounted for movement with the tip 159 
and that the ferrite core 153 is fixed to the housing 
275. Various other modifications to the stylus will be 
apparent to those skilled in the art and will not be 
described further here. 

In the above embodiment, a processing channel comprising 
two mixers and an integrator was provided for each sensor 
winding. In an alternative embodiment, a single 

processing channel may be used to process the signals 
induced in all the sensor windings in a time multiplexed 
manner. As those skilled in the art will appreciate, 
whilst this reduces the complexity of the processing 
electronics, it increases the time required to obtain a 
position measurement. 

In the above embodiment, the sensor windings were 
arranged to have a sensitivity to magnetic field from the 
resonator which approximately varies as a single period 
of a sinusoid over the measurement range. As those 
skilled in the art will appreciate, the sensor windings 
may be arranged so that this sensitivity varies through 
multiple periods of a sinusoid. In this case, the system 
will have to keep track of the current period in which 
the resonant stylus is located. Examples of such 
multiperiod windings can be found in the applicant's 
earlier International Application W098/58237. Another 
alternative is that the sensor windings are arranged so 
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that their sensitivity to the magnetic field from the 
resonator varies through a fraction of a sinusoid over 
the measurement area. Such an embodiment is particularly 
useful in applications where the measurement area is 
rectangular, in order to ensure that the pitch of the x 
sensor windings and the y sensor windings are the same. 
As those skilled in the art will appreciate, this will 
improve the tilt insensitivity of the system if the 
stylus is designed as described above. 

In the above embodiment, the excitation winding was used 
to energise the resonator and the signals received in the 
sensor windings were used to identify the resonator 
position. In an alternative embodiment, the sensor 
windings may be used to energise the resonator and the 
signals received on the excitation winding used to 
identify the location of the resonator. In such an 
embodiment, either the sensor windings would have to be 
energised in turn or if the sensor windings are energised 
together then separate excitation freguencies would have 
to be applied to each (which would reguire separate 
resonant circuits in the resonator which resonate at 
those freguencies) so that the processing electronics can 
distinguish the received signals. Alternatively still, 
the system could operate by energising the resonator 
using one of the sensor windings and then receiving the 
signal from the resonator on another sensor winding. The 
way that such a system can operate is described in the 
applicant's earlier International Application W098/58237- 

In the above embodiment, the excitation winding was wound 
around the outside of the sensor windings. In order to 
extend the measurement range of the sensor windings as 
far as possible towards the periphery of the sensor PCB, 
some of the turns of the excitation coil . may 
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alternatively be interlaced with the conductors of the 
sensor windings- This arrangement can also help maintain 
uniform outer coil field/sensitivity over the entire 
sensor board, which helps minimise the dynamic range of 
the sensor system and hence simplifies the design. 

The sensor PCB which carries the excitation and sensor 
windings may be manufactured on a flexible printed 
circuit board. In this case, the connecting portion may 
be extended to form a flexible tail for connecting the 
coils to the processing electronics. A flexible PCB can 
also be used to minimise the thickness of the sensor 
board, e.g. to less than 0.2mm. 

As described above, each of the sensor windings comprises 
a number of primary sensing conductors and a number of 
connecting conductors for connecting the primary sensing 
conductors to each other. In the embodiment described 
above, the primary sensing conductors for the x-position 
sensor windings were located substantially in the y- 
direction whilst those for the y-position sensor windings 
extended substantially in the x-direction. As those 
skilled in the art will appreciate, this is not 
essential, the primary sensing conductors only have to 
cross the relevant measurement direction. 

In the above embodiment, an electrostatic screen formed 
from a layer of carbon ink was provided between the 
sensor PCB and the backlight for the LCD. Other 
conductive layers may be used such as an evaporated 
aluminium film coating or a cross-hatched, fishbone, or 
comb-shaped copper layer. Alternatively still, if the 
base of the electroluminescent backlight layer 11 can be 
grounded, then this can effectively act as the 
electrostatic screen instead. 
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In the above embodiment, a hand-held personal digital 
assistant has been described which employs a liquid 
crystal type display. As those skilled in the art will 
appreciate, the above digitiser system can be employed 
with other types of screen, such as TFT screens and the 
like. 

In the above embodiment, the sensor PCB was located 
directly underneath the LCD of the hand-held PDA device. 
As those skilled in the art will appreciate, the sensor 
PCB does not have to be located underneath the LCD, it 
can, for example, be located to one side of it. However, 
if this is the case, then the overall size of the device 
will have to be larger. 

In the above embodiment, each of the sensor windings was 
formed using three turns of conductor. As those skilled 
in the art will appreciate, the sensor windings can be 
formed using a single turn of conductor. However, this 
is not preferred, since the sensor winding's sensitivity 
to the magnetic field generated by the resonator is less 
sinusoidal and the signal levels output are smaller. It 
is therefore preferred to have as many turns as possible 
in the sensor windings. 

In the above embodiment, the in phase and quadrature, 
phase signals from one of the sensor windings were used 
to determine electrical phase information for the 
resonator which is indicative of the frequency difference 
between the excitation frequency and the resonant 
frequency of the resonator. In the embodiment, the 
excitation frequency was fixed. In an alternative 
embodiment, the determined electrical phase information 
can be used to control the excitation frequency in order 
to maintain a detected resonator phase at a predetermined 
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value- The advantage of this is that it maximises the 
signal levels output from the integrators which are used 
for the position measurement calculation. 

In the above embodiment, the signals induced in the 
sensor windings were mixed with the excitation signal and 
a 90"* phase shifted version of the excitation signal in 
order to generate in phase and quadrature phase outputs, 
from which the electrical phase information of the 
resonator was determined. As those skilled in the art 
will appreciate, other techniques can be used in order to 
extract this resonator electrical phase information, such 
as the timing of zero crossings of the resonator signals, 
although this technique is not preferred because it is 
sensitive to noise. 

In the above embodiments, two-dimensional x-y digitising 
systems have been described. As those skilled in the art 
will appreciate, some aspects of the present invention 
are not, however, limited to two-dimensional position 
encoders. In particular, some aspects of the present 
invention can be incorporated into a one-dimensional 
linear or rotary position encoder. For example, the 
resonant stylus described above could be used in a linear 
position detecnor. 

In the above embodiments, the signals output from the 
sensor windings were used and position measurements were 
obtained by performing an arc-tangent calculation. As 
those skilled in the art will appreciate, it is possible 
to extract the position information from the received 
signals without performing such an arc-tangent 
calculation. The applicant's earlier International 
Application WO98/00921 or WO90/34171 disclose alternative 
techniques for determining the position information from 
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the signals induced in the sensor windings. 

In the above embodiments, two phase quadrature sensor 
windings in each of the x- and y-directions were used in 
5 order to generate signals which varied with position in 

phase quadrature to each other. As those skilled in the 
art will appreciate, this is not essential. As long as 
the windings are separated along the measurement axis by 
some non-zero or non-multiple of 180"* phase shift, the 
10 signals induced in the sensor windings can be processed 

to extract the position information. 



15 



Various other modifications and alternative embodiments 
will be apparent to those skilled in the art. 
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CLAIMS : 



1. A winding for use in a position detector, the 
winding comprising at least two sets of loops which are 
arranged in succession along a measurement direction with 
each loop comprising a plurality of primary conductors 
which cross the measurement direction and a plurality of 
connecting conductors which extend along the measurement 
direction for connecting the primary conductors to each 
other; and 

wherein the loops of the at least two sets of loops 
are connected in series with each other by a plurality of 
cross connections between the primary conductors of 
adjacent loops - 

2. A winding according to claim 1, wherein said cross 
connections are provided in a central portion of said 
primary conductors . 

3. A winding for use in a position detector, the 
winding comprising at least two sets of loops which are 
arranged in succession along a measurement direction, 
with each set of loops comprising an outer loop, an inner 
loop and at least one intermediate loop; 

wherein each loop comprises a plurality of primary 
conductors which cross the measurement direction and a 
plurality of connecting conductors which extend along the 
measurement direction for connecting the primary 
conductors to each other; and 

wherein the connecting conductors for the inner loop 
are located between the connecting conductors for at 
least one of the intermediate loops and the connecting 
conductors for the outer loop. 

4 . A winding according to any preceding claim, wherein 
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said conductors are formed by conductor tracks on an 
insulator base which extends along said measurement 
direction • 

5 5. A winding according to claim 4^ wherein said 

conductors are formed by a plurality of conductor tracks 
on a printed circuit board . 

6. A winding according to claim 5, wherein said printed 
10 circuit board is a two layer printed circuit board. 

7. A winding according to any preceding claim, wherein 
the loops of said at least two sets of loops are arranged 
so that EMFs induced in loops of the same set by a common 

15 background alternating magnetic field add together and so 

that. EMFs induced in the loops of one set by a common 
background alternating magnetic field oppose the EMFs 
induced in the loops of the other set. 

20 8. A winding according to any preceding claim, wherein 

each set of loops comprises the same number of loops. 

9. A winding according to any preceding claim, wherein 
each set of loops is arranged to enclose substantially 

25 the Scune area. 

10. A winding according to any preceding claim, wherein 
said primary conductors are arranged with decreasing and 
increasing density along said measurement direction. 



30 



11. A winding according to claim 10, wherein the spacing 
between adjacent primary conductors varies in a 
sinusoidal manner along said measurement direction. 



35 



12. An apparatus for use in an x-y position detector. 



wo 00/33244 



PCT/GB99/03989 



57 

the apparatus comprising: 

a first winding which extends substantially over an 
entire measurement area of the x-y position detector; 

a second winding which extends substantially over 
the entire measurement area of the x-y position detector; 

wherein said first and second windings are formed by 
a plurality of conductors which are formed on two sides 
of an insulator base and which are connected through the 
base where appropriate; 

wherein the conductors of the first winding include 
a plurality of primary conductors which extend 
substantially in said y-direction and which are arrayed 
over said measurement area and a plurality of connecting 
conductors which extend substantially in said x-direction 
at the sides of said measurement area which extend in 
said x-direction; 

wherein the conductors of the second winding include 
a plurality of primary conductors which extend 
substantially in said x-direction and which are arrayed 
over said measurement area and a plurality of connecting 
conductors which extend substantially in said y-direction 
at the sides of said measurement area which extend in 
said y-direction; and 

wherein the connecting conductors of the first 
winding are arranged to be closer to a central portion of 
said measurement area than the outermost primary 
conductors of the second winding. 

13 • An apparatus according to claim 12, wherein said 
conductors are formed by a plurality of conductor tracks 
on a printed circuit board. 

14- An apparatus according to claim 13, wherein said 
printed circuit board is a flexible printed circuit 
board. 
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15. An apparatus according to any of claims 12 to 14, 
wherein the conductors of said first winding are arranged 
to form at least two sets of loops which are arranged in 
succession along the x-direction and wherein the 
conductors of said second winding are arranged to form at 
least two sets of loops which are arranged in succession 
along the y-direction. 

16. An apparatus according to claim 15, wherein the 
loops of said at least two sets of loops of said first 
and second windings are arranged so that EMFs induced in 
loops of the same set by a common background alternating 
magnetic field add together and so that EMFs induced in 
the loops of one set by a common background alternating 
magnetic field oppose the EMFs induced in the loops of 
the other set. 

17. An apparatus according to claim 15 or 16,. wherein 
each set of loops comprises the same number of loops. 

18. An apparatus according to any of claims 15 to 17, 
wherein each set of loops is arranged to enclose 
substantially the same area. 

19. An apparatus according to any of claims 12 to 18, 
wherein the primary conductors of said first winding are 
arranged with decreasing and increasing density along 
said x-direction. 

20. An apparatus according to any of claims 12 to 19, 
wherein the primary conductors of said second winding are 
arranged with decreasing and increasing density along 
said y-direction. 



35 



21. An apparatus according to claim 19, wherein the 
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spacing between the primary conductors of said first 
winding varies in a sinusoidal manner along said x- 
direction. 

5 22. An apparatus according to claim 20, wherein the 

spacing between the primary conductors of said second 
winding varies in a sinusoidal manner along said y- 
direction. 

10 23 • An apparatus according to any of claims 12 to 22, 

further comprising third and fourth windings which extend 
substantially over the entire measurement area of the x-y 
position detector , 

wherein said third and fourth windings are formed by 

15 a plurality of conductors which are formed on the two 

sides of said insulator base and which are connected 
through the base where appropriate; 

wherein the conductors of the third winding include 
a plurality of primary conductors which extend 

2 0 substantially in said y-direction and which are arrayed 

over said measurement area and a plurality of connecting 
conductors which extend substantially in said x-direction 
at the sides of said measurement area which extend in 
said x-direction; 

2S wherein the conductors of the fourth winding include 

a plurality of primary conductors which extend 
substantially in said x-direction and which. are arrayed 
over said measurement area and a plurality of connecting 
conductors which extend substantially in said y-direction 

30 at the sides of said measurement area which extend in 

said y-direction . 

24. An apparatus according to claim 23, wherein the 
connecting conductors of the third winding are closer to 
35 the central portion of the measurement area than the 
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outermost: primary windings of said second winding. 

25. An apparatus according to claim 23 or 24, wherein 
the connecting conductors of the third winding are closer 
to the central portion of the measurement area than the 
outermost primary windings of said fourth winding. 

26. An apparatus according to an of claims 12 to 25, 
wherein most of the conductors which extend in said x- 
direction are formed on one side of said insulator base 
and most of said conductors which extend in said y- 
direction are formed on the other side of said insulator 
base . 

15 27. An apparatus according to any of claims 12 to 26, 

further comprising a winding which comprises a plurality 
of turns of conductor which are wound around the 
periphery of said insulator base. 

20 28. An apparatus for use in a position detector, the 

apparatus comprising : 

a first winding which comprises a plurality of turns 
of conductor which are wound around a periphery of a 
measurement area; and 

25 a second winding which extends substantially over 

the measurement area and which comprises at least two 
series connected loops which are arranged in succession 
along a measurement direction within the measurement 
area, with each loop comprising a plurality of primary 

30 conductors which cross the measurement direction and a 

plurality of connecting conductors which extend along the 
measurement direction for connecting the primary 
-conductors to each other; and 

wherein at least one of said primary conductors of 

35 said second winding is located between the turns of 



wo 00/33244 



PCT/GB99/03989 



61 

conductor of said first winding. 

29. An apparatus according to claim 27, wherein said 
first and second windings are formed on two sides of an 

5 insulator base and which are connected through the base 

where appropriate. 

30. An apparatus according to claim 29, wherein said 
conductors are formed by a plurality of conductor tracks 

ICh on a printed circuit board. 

31. An apparatus according to any of claims 2 8 to 30, 
wherein said second winding comprises at least two sets 
of loops which are arranged in succession along the 
measurement path and wherein the loops of said at least 
two sets of loops are arranged so that EMFs induced in 
loops of the same set by a common background alternating 
magnetic field add together and so that EMFs induced in 
the loops of one set by a common background alternating 
magnetic field oppose the EMFs induced in the loops of 
the other set. 



15 



20 



25;. 



< 

32. An apparatus according to claim 31, wherein each set 
of loops comprises the same number of loops. 

33. An apparatus according to claim 31 or 32, wherein 
each set of loops is arranged to enclose substantially 
the same area. 

30 34. An apparatus according to any of claims 12 to 18, 

wherein the primary conductors of said second winding are 
arranged with decreasing and increasing density along 
said measurement direction. 



35 35, An 



apparatus according to claim 34, wherein the 
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spacing between the primary conductors of said second 
winding varies in a sinusoidal manner along said 
measurement direction . 

5 36. An apparatus according to any of claims 28 to 35, 

further comprising a third winding which extends 
substantially over the measurement area and which 
comprises at least two series connected loops which are 
arranged in succession along a second different 

10 measurement direction witihin the measurement area, with 

each loop comprising a plurality of primary conductors 
which cross the second measurement direction and a 
plurality of connecting conductors which extend along the 
second measurement direction for connecting the primary 

15 conductors to each other, 

37. An apparatus according to claim 36, wherein said 
second measurement direction is substantially 
perpendicular to the measurement direction of said second 

20 winding. 

38. An apparatus according to claim 36 or 37, wherein at 
least one of the primary conductors of said third winding 
is located between the turns of conductor of said first 

25 winding. 

39. A transducer for use in sensing or .generating 
magnetic fields in a position detector, the transducer 
comprising : 

30 at least one layer of conductor for sensing or for 

generating magnetic fields; and 

a layer of magnetic material located under said at 
least one layer of conductor for providing a permeable 
path for magnetic flux to pass behind the conductor 

35 layer; 
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characterised in that said layer of magnetic 
material comprises spin melt ribbon. 

40. An apparatus according to claim 39, wherein said 
conductor layer comprises a printed circuit board 
carrying a plurality of conductor tracks on at least one 
side of the board. 

41. An apparatus according to claim 3 9 or 40, wherein 
said transducer is suitable for use in a linear position 
detector . 

42. An apparatus according to claim 41, wherein said 
transducer is suitable for use in a two dimensional 
linear position detector. 

43. An apparatus according to any of claims 39 to 42, 
wherein said spin melt ribbon layer is between 15 ^^m and 
5 0 fim thick. 

44. A stylus for use with a position detector, the 
stylus comprising : 

an elongate housing; 

a movable tip mounted at one end of the housing for 
axial movement relative thereto in a first direction from 
a retracted position to an extended position and in a 
second, opposite direction from the extended .position to 
the retracted position; 

a sensing coil fixed in the housing and having an 
abutment surface facing in said second direction; 

a flux linkage element mounted to the tip for 
movement relative to the coil; and 

movement- limiting means to define the extent of 
movement of the tip relative to the housing between said 
extended and retracted positions, said movement-limiting 
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means comprising: 

a first limiting element mounted to the flux linkage 
element and having a first abutment surface facing in 
said first direction and a second abutment surface facing 
5 in said second direction ; 

a second limiting element fixed in the housing 
axially adjacent to the coil and having first and second 
abutment surfaces facing in said first direction, the 
first abutment surface contacting the abutment surface of 
10 the coil; and 

the arrangement being such that when the tip is in 
the retracted position, the second abutment surface of 
the first limiting element contacts the second abutment 
surface of the second limiting element and when the tip 
15 is in the extended position the second abutment surface 

of the first limiting element contacts the abutment 
surface of the coil. 

45. A stylus according to claim 44, wherein said flux 
20 linkage element is elongate and wherein the first 

limiting element comprises a blind bore of a 
predetermined depth for receiving and holding said 
elongate flux linkage element, whereby when the tip is in 
said extended position, the end of said elongate element 
25 is a predetermined distance from the abutment surface of 

said coil. 

46. A stylus according to claim 44 or 45, wherein said 
first limiting element slides, within a channel of said 

30 second limiting element - 

47. A stylus according to any of claims 44 to 46, 
wherein the extent of movement of the tip is defined by 
the difference between the distance between the first and 

35 , secpnd abutment surfaces of said second limiting element 
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and the distance between the first and second abutment 
surfaces of said first limiting element. 

49. A stylus according to any of claims 44 to 47, 
wherein said first and second limiting elements are 
formed by an injection moulding process. 

50. A stylus for use with a position detector, the 
stylus comprising : 

an elongate housing; 

a movable tip mounted at one end of the housing for 
axial movement relative thereto in a first direction from 
a retracted position to an extended position and in a 
second, opposite direction from the extended position to 
the retracted position; 

a sensing coil fixed in the housing and having an 
abutment surface facing in said second direction; 

a flux linkage element mounted to the tip for 
movement relative to the coil; and 

movement-limiting means to define the extent of ' 
movement of the tip relative to the housing between said 
extended and retracted positions, said movement- limiting 
means comprising a limiting element mounted to the flux 
linkage element and having an abutment surface facing in 
said first direction for contacting the abutment surface 
of said coil when the tip is in said extended position; 

characterised in that said flux linkage element is 
elongate and wherein the limiting element comprises a 
blind bore of a predetermined depth for receiving and 
holding said elongate element, whereby when the tip is in 
said extended position, the end of said elongate element 
is a predetermined distance from the abutment surface of 
said coil. 

51. A stylus for use with a position detector, the 
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stylus comprising: 

an elongate housing; 

a movable tip mounted at one end of the housing for 
axial movement between a retracted position and an 
extended position; 

a formerless sensing coil; and 

a flux linkage element which extends through the 

coil ; 

wherein said formerless coil and said flux linkage 
element are mounted for relative movement with the 
movement of said tip, whereby the inductance of said coil 
is changed with the movement of said tip. 

52. A stylus for use with a position detector, the 
stylus comprising: 

an elongate housing; 

a movable tip mounted at one end of the housing for 
axial movement relative thereto in a first direction from 
a retracted position to an extended position and in a 
second, opposite direction from the extended position to 
the retracted position; 

a sensing coil; 

a flux linkage element; 

wherein the sensing coil and the flux linkage 
element are mounted for relative movement with the 
movement of said tip, whereby the inductance of said coil 
is changed with the movement of said tip; 

characterised by movement -limiting means which 
defines the extent of movement of the tip relative to the 
housing between said extended and retracted positions, 
said movement- limiting means comprising a first limiting 
element mounted for movement with the tip and a second 
movement-limiting element fixed to the housing; 

wherein said first and second limiting elements 
comprise a first abutment surface facing in said first 
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direction and a second abutment surface facing in said 
second direction and wherein the arrangement is such that 
when the tip is in the retracted position the second 
abutment surface of the first limiting elemenr. contacts 
the first abutment surface of the second limiting element 
and when the tip is in the extended position the first 
abutment surface of said first limiting element contacts 
the second abutment surface of said second limiting 
element . 

53. A stylus according to claim 52^ wherein said first 
limiting element comprises an elongate member having a 
slot and said second limiting member comprises means 
which slides within said slot- 

54. A stylus for use with a position detector, the 
stylus comprising : 

an elongate housing; 

a movable tip mounted at one end of the housing for 
axial movement relative thereto in a first direction from 
a retracted position to an extended position and in a 
second, opposite direction from the extended position to 
the retracted position; 

a sensing coil having an abutment surface; 

a flux linkage element; 

wherein said sensing coil and said flux linkage 
element are mounted for relative movement with the 
movement of said tip, whereby the inductance of the coil 
is changed with the movement of the tip; and 

means for limiting the movement of the tip relative 
to the housing comprising a limiting element mounted for 
movement with the tip and having an abutment surface 
facing in said first direction for contacting the 
abutment surface of said coil when the tip is in said 
extended position; 
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characterised in that said flux linkage element is 
elongate and wherein the limiting element comprises a 
blind bore of a predetermined depth within said abutment 
surface for receiving and holding said elongate element, 
whereby when the tip is in said extended position, the 
end of said elongate element is a predetermined distance 
from the abutment surface of said coil. 

55. A stylus according to any of claims 44 to 54, 
wherein said flux linkage element comprises a ferrite 
rod . 

56. A stylus according to any of claims 44 to 55, 
wherein said coil is a solenoid coil having an axis which 
is substantially co-axial with the axis of the housing. 

57. A stylus according to any of claims 44 to 56, 
further comprising biasing means for biasing the tip 
towards said extended position. 

58. A stylus according to claim 57, wherein said biasing 
means comprises spring means which acts against the 
housing and a said movement limiting means. 

59. A stylus according to any of claims 44 to 58, 
wherein said coil is formed by self bonding wire. 

60. A stylus according to any of claims 44 to 59, 
further comprising a capacitor connected to the ends of 
said coil, to form a resonant circuit. 

61. A stylus according to any of claims 44 to 60, 
wherein said housing comprises a front portion and a rear 
portion which fit together by interference fit. 
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62- A position sensor comprising: 

at least one periodic winding which extends along a 
measurement path and which has a predetermined pitch; and 

a stylus comprising a magnetic field generator 
having an average magnetic centre which is located 
approximately l/{2n) of the pitch of the periodic winding 
from a desired apparent measurement point. 

63. A sensor according to claim 62, wherein said desired 
apparent measurement point is approximately the tip of 
the stylus, 

64- A method of detecting the position of first and 
second members which are relatively moveable along a 
measurement path, the method comprising the steps of: 

providing a winding according to any of claims 1 to 
11 or an apparatus according to any of claims 12 to 4 3 on 
one of said first and second members; 

providing a magnetic field generator on the other 
member; 

generating a magnetic field with said generator; and 
detecting the generated magnetic field with said 
winding or said apparatus and determining therefrom the 
relative position of said first and second members. 

65. A method of detecting the position of first and 
second members which are relatively moveable along a 
measurement path, the method comprising the steps of: 

providing a winding according to any of claims 1 to 
11 or an apparatus according to any of claims 12 to 43 on 
one of said first and second members; 

providing a magnetic field detector on the other 
member; 

generating a magnetic field with said winding or 
said apparatus; and 
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detecting the generated magnetic field with said 
magnetic field detector and determining therefrom the 
relative position of said first and second members. 

5 66, A method of detecting the position of first and 

second members which are relatively moveable along a 
measurement path, the method comprising the steps of: 

providing a winding on one of said first and second 
members ; 

10 providing a stylus according to any of claims 44 to 

61 on the other member; 

generating a magnetic field with said stylus; and 
detecting the generated magnetic field with said 
winding and detecting therefrom the relative position of 
15 said first and second members. 

67. A method of detecting the position of first and 
second members which are relatively moveable along a 
measurement path, the method comprising the steps of: 

20 providing a winding on one of said first and second 

members ; 

providing a stylus according to any of claims 44 to 
61 on the other member; 

generating a magnetic field with said winding; and 
25 detecting the generated magnetic field with said 

stylus and detecting therefrom the relative position of 
said first and second members. 

68. The combination of a winding according to any of 
30 claims 1 to 1 1 and a stylus according to any of claims 44 

to 61. 



35 



69. The combination of an apparatus according to any of 
claims 12 to 43 and a stylus according to any of claims 
4 4 to 61. 
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70. A portable data input/output device comprising a 
winding according to any of claims 1 to 11 or an 
apparatus according to any of claims 12 to 43, 

71. A portable data input /output device comprising a 
winding according to any of claims 1 to 11 or an 
apparatus according to any of claims 12 to 43 and a 
stylus according to any of claims 44 to 61. 

72- A device according to claim 70 or 71, further 
comprising a display and wherein said winding or 
apparatus is located behind the display. 

73 . A portable data input/output device comprising a 
stylus according to any of claims 44 to 61, 

74. A device according to any of claims 70 to 73, 
wherein said device is a personal digital assistant. 

75. A device according to any of claims 70 to 73, 
wherein said device is a mobile telephone. 
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